This paper describes a modular geographical information system (GIS) model that is being developed for estimating potential loss of life from natural and dam-failure floods. The model can be used to provide life-loss estimates for use in dam safety risk assessments, including dam failure caused by terrorism. It can be used to explore options for reducing life loss by reducing the probability of dam failure or by improving the effectiveness of emergency planning and response. The modeling system comprises the following internal modules: 1) loss of shelter, including prediction of structural performance of buildings, 2) warning and evacuation, and 3) loss of life based on empirical relationships developed from a wide range of case histories.
Introduction
Need for life-loss estimation. To effectively reduce life-safety risks associated with dams and natural flooding, life-loss estimates are needed for the following purposes [Bowles et al. 2003 ]:
• To evaluate existing and residual risks against tolerable risk guidelines;
• To assess the benefits (i.e., risk reductions) associated with structural and nonstructural risk reduction measures, including more effective emergency planning and evacuation; • To estimate the cost effectiveness of life-safety risk reduction to aid in prioritizing or justifying expenditures on risk-reduction measures.
In addition, a better understanding of life-loss dynamics associated with floods is valuable for improving the development of effective emergency action plans and emergency response plans [McClelland 2002, McClelland 2003a, b, and c] .
Previous approaches. Most available approaches for estimating life loss (L)
4 from dam failure are purely empirical using regressions on heterogeneous global population at risk (Par), and warning time (Wt). Examples include Lee et al. [1986] , Brown and Graham [1988] and DeKay and McClelland [1993] . A recent approach by Graham [1999] provides life-loss ratios and ranges for a mix of Par and large subPar based on Wt, flood severity (F), and warning effectiveness (We). Assaf et al. [1998] have developed a simulation approach, which is undergoing continued development.
These approaches are reviewed in detail in McClelland and Bowles [2002] . The empirical approaches share the following limitations:
• Many factors that change with the type of dam break or natural flooding event are not separately distinguished.
• Travel times, depths, and velocities that affect the fate of people, vehicles, and structures are based on large-scale averages.
• Par is considered for the entire area of inundation or for large subPar, which does not distinguish the many attributes that are important determinants of life loss.
• Warning time is considered as a single variable without taking into account the chain of events that must occur before a message can be disseminated, the rate of 4 A list of symbols used in this paper is contained in Appendix A.
warning propagation, the extent to which the warning penetrates a community, the efficacy of the warning message, and the rate of mobilization.
• Evacuation is not considered as a separate process, and the benefits of relocation to safer shelters of those who do not evacuate are not explicitly included.
Utah State University (USU) Model. The goal of the USU research project upon which this paper is based is "to develop a practical and improved life-loss estimation approach for use in dam-safety risk assessment and emergency planning." Our methodology is specifically formulated to overcome the limitations of previous approaches. The overall project comprises the following phases: 1) Case history characterizations and analyses; 2) Development, testing, and demonstration of a prototype simulation modeling system; 3) Development, testing, and demonstration of a simplified technique; and 4) Development, testing, and demonstration of software for the simulation modeling system and the simplified technique.
Work on Phase 1 is complete, although additional case histories could be characterized. A deterministic version of the simulation system has been completed and is being demonstrated for a Corps of Engineers dam. Work has commenced to develop a Monte Carlo (uncertainty) version of the simulation model. This version will propagate various sources of uncertainties in model inputs through to the life-loss estimates. It will also be used to generate a synthetic database for various representative inundation settings, which will be used to develop the simplified technique.
Outline of Paper. The first major section of this paper summarizes the foundation for our life-loss estimation model; this lies in a very detailed characterization of flooding case histories and the development of an approach that overcomes the major limitations of previous empirical methods. The second major section provides an overview of the simulation modeling approach and its four modules. The remaining sections present some preliminary model results and planned model developments, followed by a summary and conclusions.
Foundations of USU Model
Case histories. The first phase of our research involved the collection and characterization of case histories of flood events and the people in those floods. for each subPar, and documenting insights into life-loss dynamics. So far, 54 events have been characterized, yielding 253 non-overlapping subPar. The proportion of lives lost within these subPar ranged from zero percent to 100 percent, with good representation throughout this range.
The work of characterization has been accomplished in stages, allowing for an evolutionary, iterative process. Variables have been added, discarded, and more carefully defined as the work has progressed. Those variables that are most important to our life-loss model were developed after approximately half of the subPar were characterized. At that point, it became apparent that more traditional life-loss estimation variables, most of which were developed with heterogeneous Par in mind, failed to adequately describe dominant life-loss patterns on the scale of subPar. In subsequent characterizations, we have evaluated the usefulness of the new variables for estimating life loss and refined their definitions to improve their usefulness for life-loss estimation.
Key Variables Used in USU Model. The scope of this paper does not permit us to fully present the subtleties and nuances of defining, estimating, or illustrating the variables used in our model; however, this section summarizes some important aspects. In particular, we discuss the dependency of the magnitude of dam-failure life loss on whether people successfully evacuate and whether those who fail to evacuate are able to find adequate shelter. More detailed presentations can be found in McClelland [2000] , and McClelland and Bowles [2000; 2002] .
Our research has shown that warning time (Wt) 9 is a relatively poor predictor of whether or not people will successfully evacuate. The threatened population (Tpar) quantifies members of Par that remain in the flood zone when flooding exceeds minimum criteria of depth and velocity. Tpar i is the threatened population within Par i .
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It was never our intent to use all of these descriptive variables for life-loss estimation. The variables used for estimation are a subset of the entire group of descriptive variables. Those variables that are not used for estimation are useful for general understanding of life-loss dynamics and for appreciating the setting of case histories upon which the empirical aspects of our model are built. Excess evacuation time is the average time available to evacuate minus the representative time required to evacuate. The excess evacuation time may vary dramatically from one location to another based on how quickly emergency management officials can deliver individual warnings; how urgent, credible, and frequent the warnings are; the nature of sights, sounds, and vibrations that provide natural warnings; selected modes of evacuation; the mobility of the population in question; the size of family groups; the distance to safety; barriers such as fences and bridges; and many other factors.
For those who fail to evacuate, survival usually depends on the ability to reach adequate shelter from the flood. Evacuation modeling provides a means of estimating the number of people who are at diverse locations while in the process of evacuation when they encounter flooding. Both empirical and analytical approaches, including more complex methods such as transportation evacuation modeling, provide means of estimating excess evacuation time and evacuation rates.
Lethality zones distinguish physical flood environments in which historical rates of life loss have distinctly differed. We have defined three lethality zones: chance zones, compromised zones, and safe zones. Each lethality zone is physically defined by the interplay between available shelter and local flood depths, velocities, and debris. Figure 1 shows the historical rates of life loss in the three lethality zones.
• In chance zones, flood victims are typically swept downstream or trapped underwater, and survival depends largely on chance; that is, the apparently random occurrence of floating debris that can be clung to, getting washed to shore, or otherwise finding refuge safely. The historical rate of life loss in chance zones ranges from about 50 percent to 100 percent, with an average rate over 90 percent ( Figure 1 ).
• In compromised zones, the available shelter has been severely damaged by the flood, increasing the exposure of flood victims to violent floodwaters. An example might be when the front of a house is torn away, exposing the rooms inside to shoulder-high flooding with fast velocities. The historical rate of life loss in compromised zones ranges from zero to about 50 percent, with an average rate near 10 percent ( Figure 1 ).
• Safe zones are typically dry, exposed to relatively quiescent floodwaters, or exposed to shallow flooding unlikely to sweep people off their feet.
Depending on the nature of the flood, examples might include the second floor of residences and sheltered backwater regions. Life loss in safe zones is virtually zero (Figure 1 ).
Lethality zones are critical determinants of life-loss rates. Far more people die in chance zones than in any other type of zone. By contrast, with or without official warnings, people in safe zones are likely to survive. Generally speaking, the type of available shelter is more important than stream velocities, and stream velocities are more important than flood depths when assigning lethality zones, but all three components must be considered for their interaction. There are two primary variables that help to define the available shelter: Par type (Pt) and loss of shelter (Ls). Par type 10 categorizes a subPar by its physical environment. Par type categories include population centers with buildings, campgrounds, recreation areas used for fishing or walking, automobiles, trains, and boats. Loss of shelter characterizes the extent to which damage to a building 11 exposes the occupants to the full force of the flood. Loss of shelter is a parent set of lethality zones. For example, high (total) loss of shelter produces a chance zone; medium (partial) loss of shelter will most likely produce a compromised zone, but safe zones or chance zones may exist at other locations in the building or even on the same story; and low loss of shelter produces a safe zone. Loss of shelter is a function of the durability and elevation of structures as they interact with flow depths, velocities, flow duration, and debris. Because only Tpar i experience lethality zones, lethality zones cannot be considered apart from excess evacuation time or an evacuation model.
Lethality Zones as Approximations of Homogeneous Base Units.
A central goal of our historical life-loss research is to identify dominant variables that have historically governed survival and life loss, and to derive empirical relationships based on those variables that are useful for life-loss estimation. A fundamental challenge in historical life-loss research is that there are relatively few populations at risk (Par) that have experienced flooding consistent with a dam failure, and those that have often differ greatly with respect to those variables that dominate life loss. The result is that the available sample size is small, and it is taken from many different populations in the statistically heterogeneous sense.
Lethality zones provide the means by which statistical sampling can be improved. By considering flood events at the level of lethality zones and the threatened subpopulation at risk that remains after evacuation (Tpar i ) we have transformed 54 heterogeneous flood events into approximately 250 homogeneous 10 Technically, Par type (Pt) categorizes a sub-population at risk (Par i ) in a defined physical environment, but Pt may also be used to categorize the physical environment itself. The way Pt is categorized may vary. For example, with respect to warnings, Pt is primarily categorized based on the speed and reliability with which a warning can be delivered and the rate at which it can be propagated through the population. With respect to evacuation, Pt is primarily categorized based on the mobility of a population and its distance from safety. With respect to survival of those who fail to evacuate, Pt is primarily categorized based on the quality and availability of shelter (lethality zones). As defined in this paper, Pt is a broad category used as an initial classification of flooded regions.
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Loss of shelter can be applied by analogy to outside shelter -e.g., trees and islands. flood contexts. The result is a substantial sample size representing each of the three types of lethality zones, with each sample drawn from a relatively homogeneous population.
When lethality zones are truly homogeneous in every respect, they are called homogeneous base units (HBUs). HBUs are an ideal construct that can only be approximated, but which is useful for descriptive purposes. HBUs are analogous to subatomic particles. Three types of particles (i.e. protons, neutrons, and electrons) are the basic building blocks of matter, regardless of how different objects may appear. We cannot estimate both the location and velocity of any one particle at any point in the future with certainty, but we can describe reliable patterns of behavior. Uncertainty is further reduced when we sum the behavior of individual particles across a larger element or compound, thus providing a form of averaging.
By analogy, three HBUs, approximated by chance zones, compromised zones, and safe zones, are the basic flood contexts from which life loss in flood events can be estimated, regardless of how different two flood events appear on a macro scale. We cannot estimate the future location and evacuation trajectory of individuals with certainty, but we can describe reliable patterns of behavior. Uncertainty is further reduced when life-loss estimates based on probability density functions for each HBU are summed across a population at risk, thus providing a form of averaging.
Analysts can approximate HBUs by dividing a population at risk into increasingly homogeneous subunits. Isolating Par i by location promotes homogeneity on all levels. Distinguishing Par i by Par type (Pt) minimizes differences in the physical environment. Reducing Par i to Tpar i based on excess evacuation time or evacuation modeling isolates those who will be present in the HBUs at the time of the flood wave arrival. This significantly reduces differences in temporal-spatial flood dynamics prior to application of life-loss functions. At the level of Tpar i , an analyst can approximate HBUs by identifying flood zones and estimating flood-zone densities (number of people per lethality zone). It is important that lethality zones are evaluated three-dimensionally, since in terms of proportional life loss, the HBU on the second or third story of a building might be the same as the HBU in shallow flooding near shore. Each lethality zone has a life-loss rate probability density function represented by those in Figure 1 .
Simulation Model Overview
The life-loss estimation model is structured as a modular system around a database. The advantage of this approach is that it divides the system under investigation into components, thus making it easier to deal with each component individually rather than considering one complex system. A modular modeling system also makes it relatively easy to interchange alternative modules. Each module exchanges data with other modules through the database, which includes various geographical information system (GIS) layers and tables.
The simulation modeling system utilizes readily available GIS information on road layout and on population and structures from census data. Four major modules have been developed in the simulation modeling system, as follows: , and vertical relocation within the inundation area to accessible shelters. Times when vehicles and pedestrians are expected to become unstable, such as by flotation of vehicles or toppling of pedestrians, are estimated along evacuation routes. After those times, mobilization ceases, and people in vehicles or on foot along evacuation routes are assigned to a chance flood zone. 4) Loss-of-Life Module-based on the assigned flood zone categories, life-loss estimates are made using life-loss probability distributions in Figure 1 .
The model is designed to be applied to a set of event-exposure scenarios. Events include different dam failure modes and locations, no-failure flooding, and different flood severities. Exposure cases can include different seasons, day/night, and weekend/weekday. The following subsections provide some additional details on each of the four modules.
Inundation Module. Inundation modeling is the first step in estimating loss of life. It is considered as an external module, because existing models, such as DAMBRK or HEC-RAS, are used. Inundation results are transferred to the GIS database in the form of a set of grids representing 1) water depth and flow velocity throughout the study area and 2) over a time period that covers the passage of the dam-break flood wave throughout the study area and 3) a no-failure flood wave in the case of floodinduced failures.
Loss-of-Shelter Module. Loss of shelter estimates the exposure to the flood water of the population at risk. Previous studies concerned with the performance of structures in floods, such as Black [1975] , RESCDAM [2000] , Sangrey [1975] , and USACE [1985] , have provided ways to estimate the partial or complete destruction of a building as a function of depth and velocity conditions for different types of structures with different numbers of floors. Heavy structures, such as masonry or concrete, have a higher resistance to destruction or flotation in a flood than lightly constructed wooden structures. Structures that are anchored to their foundations have a higher resistance than unanchored structures.
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Building levels can include various floor levels, the basement, and the roof.
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Census blocks are being used as subPar.
Flood depth and velocity determine the loss-of-shelter category in two ways. First, flood depth and velocity can cause physical damage to a structure. Second, they can lead to submergence of some or all building levels, which also causes loss of shelter to Tpar i , regardless of physical damage to the structure. Submergence is defined as a water level inside the structure that makes survival very unlikely. Unlike structural damage, which is an attribute of an entire building, submergence is defined separately for each building level. Figure 2 summarizes the process of assigning loss-of-shelter categories to building levels of each type of structure at successive time steps throughout the flood event.
Warning and Evacuation Module. One of the most important factors in estimating expected life loss is the location of the threatened population at the time when the flood arrives. When time permits, people will usually attempt to laterally evacuate the area before flood arrival in response to official or unofficial warnings. Evacuation effectiveness depends on many factors discussed above. Evacuation can also be by vertical relocation within a structure. The process starts at the dam with the development of a failure mode or a prediction that dam failure is likely to occur. The prediction could be the result of an observed condition, such as excessive seepage containing fines, or a forecast condition, such as a major inflow flood that is projected to overtop the dam. The owner is responsible for detecting the failure mode at the dam and notifying the responsible authorities. However, in some cases a failure mode may be detected by someone other than the owner or operator's representative. In such cases the failure mode, whether an incipient condition or a failure that has already occurred, may be reported directly to the authorities by the person who observes unusual conditions at the dam or a dambreak flood wave downstream. Figure 3 shows the case of failure taking place after 14 The order of these events may vary. For example, detection may not take place before failure. notification, although in other cases it can occur before notification or even before detection.
The notification of a dam failure or expected failure is forwarded to emergency managers along the flood path. These managers are responsible for issuing warnings to the various subPar within their jurisdiction. People who receive the warning, and who are willing to evacuate, will mobilize, choosing their mode of evacuation. Our model provides for evacuation by vehicle or on foot. The communication of informal warnings is commonly reported in historical flood events. It is planned to add into the model a capability to represent this phenomenon.
Alternatively, people may decide to go upstairs in the same or a nearby building, although the model does not explicitly represent people moving between buildings. Moving upstairs is referred to as "vertical relocation" or "vertical evacuation" to distinguish it from lateral evacuation out of the inundation area. The success of vertical evacuation will depend on how the building performs under the imposed flood loading. The flood wave may overtake some people who are evacuating. The model categorizes people who are in vehicles or on foot as being in a chance flood zone if flooding conditions are estimated to be unstable for vehicles or pedestrians (Figure 4 ). Beyond the time at which vehicles or pedestrians become unstable, no further lateral evacuation is represented by the model. Thus, this module redistributes the population at risk from its initial distribution by Par type at the time that a warning is issued, to new distributions with assigned flood-zone categories.
Loss-of-Life Module. Loss of life is estimated by applying the probability of exceedance relationships for percentage of fatalities in each flood-zone category (Figure 1) to the Tpar i in each census block estimated using the warning and evacuation module. The spatial and temporal distributions of estimated life loss for an event-exposure scenario can be shown based on census block estimates for structures, and evacuation pathways for vehicles and pedestrians. Numerical estimates can be shown in aggregate form for the entire inundation area or broken out by communities or other sub-areas. At present, estimates are based on the average fatality rates for each flood-zone category. When the Monte Carlo version of the model is completed, estimates will be presented as probability distributions of life loss.
An Example
As a preliminary illustration of the life-loss estimates from the deterministic version of the model, we have included some results for a community of about 3,500 for hypothetical dam breaks under flood and sunny-day conditions. The community is located between 5 and 8 miles downstream of the dam. Warnings are assumed to be issued 0.5 hours before the sunny-day failure and three hours before the flood failure. A Stage 1 evacuation of the flood plain affected by spillway discharges is assumed to be 100% effective in this example. Thus life loss is estimated only for the incremental Stage 2 evacuation area with a population of about 1,400 affected by flood-induced dam failure. , through the warning and evacuation processes, through to its final disposition (i.e., cleared inundation area, survived or lost life during evacuation, or survived or lost life in structures) for the hypothetical flood-induced and sunny-day failures, respectively. The effect of a staged evacuation and the longer warning time for the flood failure can clearly be seen to lead to a much smaller life loss than for the sunny-day failure.
Planned Model Developments
Uncertainty Mode. In life-loss estimation there are many factors that cannot be predicted with certainty, including the responses of individuals to warnings. Therefore, we are developing a Monte Carlo (uncertainty) version of the life-loss estimation model to account for the effects of uncertainties in various model inputs, including the following: structure type distribution, structure damage criteria, structure submergence criteria, human and vehicle stability criteria, time of initial warning, warning diffusion/effectiveness, mobilization time distribution, mode of evacuation, initial population distribution, and fatality probability rate by flood-zone category.
The Monte Carlo version will propagate input uncertainties through to uncertainties on life-loss estimates, which will be presented as probability distributions. These probabilistic estimates of life loss can be used in dam safety risk assessments, such that the estimation errors associated with life loss and other risk assessment inputs are represented in risk assessment results, including evaluations against tolerable risk guidelines as illustrated by Chauhan and Bowles [2001] . Alternatively, expected values of estimated life loss and confidence bounds on these estimates could be used in risk assessments.
Simplified Mode. The uncertainty mode of our model will be used to generate a synthetic database for various representative inundation settings. This database will be used to develop a simplified "empirical" technique for life-loss estimation. For inundation settings that are adequately represented, the simplified technique will provide life-loss estimates for a lower level of effort than needed for the full modeling system, although with greater uncertainties than the full modeling system. However, provided that GIS data sources are readily available, the level of effort needed for implementing the full modeling system is not considered to be unreasonable. 15 Other initial distributions that include locations outside of structures are being added as a capability in the model.
Summary and Conclusions
Dam safety risk assessment requires credible life-loss estimates. The first phase of our research has yielded many useful insights into life-loss dynamics for dam failure and natural floods. Based in part on these findings, our paper summarizes a distributed modeling approach to consider evacuation, detailed flood dynamics, loss of shelter, and historically-based life loss. The approach uses a modular modeling system that will allow the use of different inundation and evacuation-transportation models. Some preliminary results are presented to illustrate the type of information that can be obtained from the deterministic version of the modeling system and the effects of improving warning time.
An uncertainty version of the modeling system is under development so that the uncertainties that are intrinsic to life-loss estimates can be represented in model outputs and used in subsequent risk assessments. A simplified version of the life-loss estimation procedure is to be developed using synthetic samples from the uncertainty version. Using the simplified version, preliminary estimates will be obtainable with less effort in those settings that are to be covered by this technique. In addition to dam safety risk assessment applications, estimates of life loss from our modeling system can be expected to provide a basis for better understanding the effectiveness of emergency planning and evacuation in flood plains and below dams, and to lead to their improvement. 
